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Lactobacilli are nonpathogenic gram-positive inhabitants of microflora. At least some Lactobacillus strains
have been postulated to have health beneficial effects, such as the stimulation of the immune system. Here we
examined the stimulatory effects of lactobacilli on mouse immune cells. All six heat-killed Lactobacillus strains
examined induced the secretion of tumor necrosis factor alpha (TNF-�) from mouse splenic mononuclear cells,
albeit to various degrees. When fractionated subcellular fractions of Lactobacillus casei were tested for NF-�B
activation and TNF-� production in RAW264.7, a mouse macrophage cell line, the activity was found to be as
follows: protoplast > cell wall �� polysaccharide-peptidoglycan complex. Both crude extracts and purified
lipoteichoic acids (LTAs) from two Lactobacillus strains, L. casei and L. fermentum, significantly induced TNF-�
secretion from RAW264.7 cells and splenocytes of C57BL/6, C3H/HeN, and C3H/HeJ mice but not from
splenocytes of C57BL/6 TLR2�/� mice. Lactobacillus LTA induced activation of c-Jun N-terminal kinase
activation in RAW264.7 cells. Furthermore, in HEK293T cells transected with a combination of CD14 and
Toll-like receptor 2 (TLR2), NF-�B was activated in response to Lactobacillus LTA. Taken together, these data
suggest that LTAs from lactobacilli elicit proinflammatory activities through TLR2.

Mucosal defense against bacteria is essential for the ho-
meostasis of the host. In the case of colonized intestine, pro-
tection against enteropathogens partly depends on the indige-
nous microflora (15). The importance of the microflora is
evident in the susceptibility of germfree animals to intestinal
infections (3, 7). Lactobacilli are nonpathogenic gram-positive
inhabitants of the normal human intestine. Lactobacilli are
known for their health-promoting effects such as nonspecific
enhancement of the immune system, protection against intes-
tinal infection, decreasing cholesterol levels in serum, and an-
ticarcinogenic activity (5). In the intestinal immune system,
macrophages play important roles in the maintenance of
health by their ability to eliminate invading microorganisms,
defective cells, and poisonous substances. Macrophages also
secrete a large number of cytokines and chemokines, thus
orchestrating the immune responses of the host. Both live and
dead lactobacilli stimulate macrophage functions, and this
stimulating activity has been reported to vary among Lactoba-
cillus strains. For example, when an antigen (Chikungunya
virus) was given to mice with oral lactobacilli, the number of
cytokine-producing cells in the duodenum increased in a Lac-
tobacillus strain-dependent manner (18). As for the down-
stream signals of macrophage activation by lactobacilli, it has
recently been reported that live Lactobacillus rhamnosus GG
induces NF-�B, STAT1, and STAT3 DNA-binding activity in

human macrophages (23). However, the activation of STATs
does not seem to be directly mediated by lactobacilli, since it is
blocked by cycloheximide, a protein synthesis inhibitor, indi-
cating that this activation is mediated secondarily by secreted
cytokines. Although these findings have clearly suggested that
at least some Lactobacillus strains can directly activate host
immune cells, the exact mechanisms how lactobacilli can acti-
vate these macrophage functions have remained obscure.

Toll, first identified as a protein controlling dorsoventral
pattern formation in the early development of Drosophila
melanogaster (2), has been shown to participate in antimicro-
bial immune responses (16). Toll homologues are conserved
throughout various species. They encode transmembrane pro-
teins containing intracellular domains that are homologous to
that of the interleukin-1 (IL-1) receptor family proteins and
repeating leucine-rich motifs in their extracellular regions (2).
Recently, several mammalian Toll homologues have been
identified and termed Toll-like receptors (TLRs) (31). In the
past few years two of the mammalian TLRs, TLR2 and TLR4,
have been shown to mediate the lipopolysaccharide (LPS) re-
sponsiveness in in vitro transfection systems (6). However, the
role of TLR2 as an LPS receptor in vivo has been questioned
due to recent findings: two mouse strains (C3H/HeJ and
C57BL10/ScCr) that exhibit impaired ability to respond to
many types of LPS have different mutations in the TLR4 gene
(28, 30). Furthermore, gene-disrupted mice of TLR4, but not
TLR2, demonstrate phenotypes similar to LPS-hyporesponsive
strains (38). These findings suggest that TLR4 is the dominant
receptor for at least most types of LPS, whereas TLR2 is
dispensable. Quite recently, however, TLR2 has been reported
to be the essential receptor for LPS of some bacterial species:
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Leptospira interrogans and Porphyromonas gingivalis (13, 40).
On the other hand it has recently been reported, using tran-
sient-transfection experimental system, that TLR2 mediates
signals from other bacterial components, including lipoteichoic
acid (LTA), peptidoglycan, and lipoproteins and/or lipopep-
tides (12). The role of TLR2 as the LTA receptor, however,
remains ambiguous since TLR4 gene-disrupted mice have
been demonstrated to be unresponsive to LTA (38).

In the present study, we examined the stimulatory effects of
six Lactobacillus strains on mouse immune cells. All of the six
heat-killed Lactobacillus strains induced the secretion of tumor
necrosis factor alpha (TNF-�) from mouse splenic mononu-
clear cells, albeit to various degrees. When fractionated sub-
cellular components of L. casei were tested, the protoplast
fraction most efficiently induced NF-�B activation and TNF-�
production in RAW264.7, a mouse macrophage cell line. Pu-
rified LTA, a component of protoplast, from L. casei and L.
fermentum significantly induced TNF-� secretion from
RAW264.7 cells and splenocytes of C57BL/6, C3H/HeN, and
C3H/HeJ mice, but not splenocytes of C57BL/6 TLR2�/�

mice. Lactobacillus LTA also induced the activation of c-Jun
N-terminal kinase (JNK) in RAW264.7 cells. Furthermore,
NF-�B was activated in response to Lactobacillus LTAs in
HEK293T cells transected with a combination of CD14 and
TLR2 but not TLR4. Taken together, these data suggest that
LTA from at least some Lactobacillus strains elicit proinflam-
matory activies through TLR2.

MATERIALS AND METHODS

Bacterial strains. L. casei YIT 9029, L. fermentum YIT 0159 (FERM P-13859),
L. rhamnosus YIT 0232 (ATCC 53103), L. acidophilus YIT 0070 (ATCC 4356),
L. plantarum YIT 0102 (ATCC 14917), and L. reuteri YIT 0197 (JCM 1112) were
all provided by Yakult Central Institute for Microbiological Research (Kunita-
chi, Japan).

Reagents and antibodies. LPS from Escherichia coli serotype B6:O26, was
obtained from Sigma Chemical Co. (St. Louis, Mo.). RPMI 1640 medium and
Dulbecco modified Eagle medium were from Gibco-BRL (Rockville, Md.). Syn-
thetic E.coli-type lipid A, compound 506, was a generous gift from T. Ogawa and
was previously described (20, 26). Fetal calf serum (FCS) was purchased from
Sigma Chemical Co. The anti-JNK1 polyclonal antibody was obtained from
Santa Cruz Biotechnology, Inc. (Santa Cruz, Calif.). This antibody is specific to
JNK1 and does not cross-react with either JNK2 or JNK3.

Plasmids. A mammalian expression vector pcDNA3.1(�) was purchased from
Invitrogen Corporation (Carlsbad, Calif.). The mouse CD14 expression plasmid
[pcDNA3.1(�)-mCD14], a C-terminal Flag-tagged mouse TLR2 expression
plasmid (pEFBOS-Flag/mTLR2), and an NF-�B responsive reporter (pGL3-
NF�B-Luc) used here have been described previously (21). A C-terminal Flag-
tagged mouse TLR4 (mTLR4) expression plasmid, p3XFlag-CMV14-TLR4, was
generated by inserting the whole mTLR4 coding region cDNA into the p3XFlag-
CMV14 vector (Sigma Chemical Co.). A C-terminal Flag-tagged mTLR6 expres-
sion vector, pEFBOS-Flag/mTLR6, was prepared by inserting the whole mTLR6
coding region cDNA into the AscI site of the pEFBOS-Flag vector.

Mice. The mutant mouse strain deficient in TLR2 was kindly provided by S.
Akira (Osaka University, Osaka, Japan). Female BALB/c, C3H/HeN, and C3H/
HeJ mice were purchased from Japan SLC (Shizuoka, Japan) and were kept
under germfree conditions. All experiments were conducted with sex-matched, 6-
to 1-week-old mice.

Cells. All cell lines were grown in tissue culture flasks at 37°C in 5% CO2 and
95% air and then passaged every 2 or 3 days to maintain logarithmic growth. A
mouse macrophage cell line, RAW264.7, and a human embryonic kidney cell
line, HEK293T, were obtained from the Riken cell bank (Tsukuba, Japan) and
maintained in Dulbecco modified Eagle medium with 10% FCS (Sigma Chem-
ical Co.). Splenic mononuclear cells from mice were purified by a density gra-
dient separation with Percoll.

Preparation of L. casei intact cell walls. Intact cell walls were prepared by the
method of Sekine et al. with minor modifications (33). Briefly, heat-killed cells

(100°C, 20 min) were suspended in 0.3% sodium dodecyl sulfate (SDS) solution
and boiled for 15 min. After centrifugation (20,000 � g, 30 min), precipitate was
collected and washed three times with distilled water. The precipitate was
washed with acetone and resuspended in 50 mM Tris-HCl buffer (pH 7.5). The
suspension was treated with pronase (Roche Molecular Biochemicals) at 37°C
for 20 h. Lipids were removed from the digested residue by successive refluxing
with methanol and methanol-chloroform-water (1:1:1). These materials were
then treated with Benzon nuclease (Merck) at 37°C for 20 h and digested with
pronase for 72 h in 50 mM Tris-HCl buffer (pH 7.2). The insoluble material was
washed three times with distilled water and then lyophilized.

Preparation of the L. casei protoplast and PS-PG fractions. The procedure
used to prepare the L. casei protoplast and polysaccharide-peptidoglycan (PS-
PG) fractions was a modification of a previously described method (25). Briefly,
5 g of heat-killed cells (20 min at 100°C) was suspended and treated with
N-acetylmuramidase SG and Benzon nuclease at 39°C for 20 h. After centrifu-
gation at 20,000 rpm for 25 min, the precipitate was washed three times with
doubly distilled H2O and then collected as the protoplast fraction. The super-
natant was collected and treated with 5 mg of pronase at 38°C for 8 h, followed
by digestion with trypsin at 37°C for 16 h. The digested supernatant was filtered,
followed by dialysis. The dialyzed material was lyophilized as the PS-PG fraction.

Purification of LTA. LTA was prepared from L. fermentum and L. casei by the
method of Fischer et al. (9). Briefly, the protoplast fraction was suspended and
broken by sonication. The sonicated material was extracted with hot phenol and
treated with nuclease. LTA was purified by column chromatography of Macro-
prep High Q and octyl-Sepharose CL-4B. Neither protein amino acids nor
polysaccharides were detectable in this preparation.

Transient transfection. Cells were plated onto 35-mm plates at 7.5 � 105

cells/plate on the day before transfection. Combinations of expression plasmid
DNAs (2 �g total/plate) were transfected by using Lipofectamine (Gibco-BRL)
according to the manufacturer’s instructions. Cells were harvested 48 h later with
phosphate-buffered saline and used for further analyses.

Luciferase reporter assay. At 48 h after transfection, some cells were stimu-
lated with the indicated reagents for 8 h. Cells were lysed, and the lysates were
used for luciferase activity measurements by using the dual luciferase reporter
assay system (Toyo Ink Co., Tokyo, Japan) according to the manufacturer’s
instructions. The results were shown as relative luciferase activities (luciferase
activity/seapansy activity). All of the luciferase assays shown in the current study
were repeated at least three times, and a typical result was shown for each
experiment.

Immune complex kinase assay. Cells were lysed in PLC lysis buffer (50 mM
HEPES, pH 7.0; 150 mM NaCl; 10% glycerol; 1% Triton X-100; 1.5 mM MgCl2;
1 mM EGTA; 100 mM NaF; 10 mM NaPPi; 1 mM Na3VO4; 1 mM phenylmeth-
ylsulfonyl fluoride; 10 mg of aprotinin/ml; 10 mg of leupeptin/ml) at 108 cells/ml.
Cell lysates (107 cells/sample) were incubated with 0.4 �g of polyclonal anti-
JNK1 antibody for 2 h at 4°C, followed by protein A-Sepharose beads (Amer-
sham Pharmacia Biotech, Inc.) for additional 1 h. The beads were washed three
times in PLC lysis buffer and then once in kinase buffer (20 mM Tris-HCl, pH
7.4; 20 mM MgCl2; 2 mM EGTA; 0.5 mM sodium vanadate; 10 mM �-glycero-
phosphate; 1 mM dithiothreitol). The kinase reaction was initiated by the addi-
tion of 40 �l of kinase buffer with 20 �M ATP, 5 �Ci of [	-32P]ATP, and 0.5 �g
of glutathione S-transferase (GST)–c-Jun(5-89) (20); this step was allowed to
proceed for 15 min at 30°C. The reaction was terminated by the addition of 2�
SDS sample buffer. Samples were boiled and resolved by SDS-polyacrylamide gel
electrophoresis, and the fixed gel was then exposed to an X-ray film.

ELISA. RAW264.7 cells (5 � 105 cells/ml) were incubated for 8 h with or
without 1 ng of LPS/ml. Cell culture supernatants were collected, and the levels
of mouse TNF-� were quantitated by using a commercial enzyme-linked immu-
nosorbent assay (ELISA) kit (TECHNE Corp., Minneapolis, Minn.) according
to the manufacturer’s instructions.

RESULTS

Cytokine secretion is induced by various Lactobacillus
strains. Six different Lactobacillus strains were examined for
their abilities to induce cytokine secretion from mononuclear
cells isolated from a BALB/c mouse spleen. Splenic mononu-
clear cells were incubated with 1 �g of heat-killed bacteria/ml,
and TNF-� concentrations in the culture supernatants were
measured after 12 h of incubation. The experiment was re-
peated three times with similar results, and a typical result is

260 MATSUGUCHI ET AL. CLIN. DIAGN. LAB. IMMUNOL.



shown in Fig. 1. All six strains significantly increased TNF-�
secretion from the spleen cells. The average TNF-�-inducing
activities were as follows: L. ramnosus � L. reuteri � L. plan-
tarum � L. fermentum � L. acidophilus � L. casei.

The protoplast fraction of Lactobacillus has the highest ac-
tivity for TNF-� induction and NF-�B activation in a macro-
phage cell line. In order to examine which components of
Lactobacillus have the TNF-�-inducing activities, RAW264.7,
a mouse macrophage cell line, was stimulated with subcellular
fractions isolated from L. casei. L. casei was separated into
three fractions: cell wall, protoplast, and PS-PG, as described
in Materials and Methods. Each bacterial fraction was added
to the culture medium at 1 �g/ml, and the TNF-� concentra-
tion in the culture supernatants was measured after 12 h of
incubation. Although both cell wall and protoplast fractions
significantly increased TNF-� levels, the protoplast fraction
showed the highest TNF-�-inducing activity (Fig. 2A). In con-
trast, PS-PG only modestly induced the cytokine secretion.

Two transcriptional factors, NF-�B and AP-1, are essential
for the TNF-� expression in macrophages. In order to assess
the NF-�B activity in RAW264.7 cells stimulated with each
Lactobacillus fraction, RAW264.7 cells were transiently trans-
fected with a reporter plasmid containing tandem NF-�B con-
sensus binding site. At 48 h after the transfection Lactobacillus
fractions were added, and the cell lysates were collected after
8 h of incubation. Consistent with the TNF-� secretion, the
protoplast fraction most significantly increased the NF-�B ac-
tivity in RAW264.7 cells (Fig. 2B).

TLR2, but not TLR4, is essential for the induction of TNF-�

by Lactobacillus LTA. With our method of fractionation, 99%
of LTA is contained in the protoplast fraction (data not
shown). Since LTAs from other gram-positive bacteria induce
the activation of macrophages, including the secretion of
TNF-� (22), we purified the LTAs from two Lactobacillus
strains, L. fermentum and L. casei, and examined their effects
on RAW264.7 cells. As shown in Fig. 3, LTA from both strains
induced a large amount of TNF-� from RAW264.7 cells. The
activity was significantly higher for the LTA from L. fermen-
tum, which was consistent with the result with the heat-killed
bacteria (Fig. 1).

The role of TLR in the recognition of bacterial LTA is
controversial. The LTAs from the gram-positive bacteria Ba-
cillus subtilis, Streptococcus pyogenes, and Streptococcus sanguis
induce NF-�B activation in HEK293 cells overexpressing
TLR2 but not in cells overexpressing TLR4 (32). On the other
hand, TLR4 gene-disrupted mice, but not TLR2-gene dis-
rupted mice, have been reported to lack responses to LTA
from Staphylococcus aureus or Streptococcus sanguis (38). To
assess the role of TLR2 in mediating signals from Lactobacillus
LTA, we isolated the splenic mononuclear cells from TLR2
gene-disrupted mice along with the control (TLR2�/�) mice
and stimulated the cells with LTAs from L. fermentum and L.
casei. In TLR2�/� mice, LTA from both Lactobacillus strains
induced TNF-� secretion in dose-dependent manners (Fig.
3B). The activity was ca. 10-fold higher for L. fermentum LTA.
As controls, both lipoprotein, which signals through TLR2, and
lipid A, which signals through TLR4, induced significant
amount of TNF-� in the TLR2�/� mice. In contrast, neither
LTA induced significant amounts of TNF-� from splenic cells

FIG. 1. TNF-� secretion from mouse mononuclear cells induced by
various Lactobacillus strains. Mononuclear cells were isolated from
spleens of 6-week-old female BALB/c mice. The mononuclear cells (2
� 106/ml) were incubated in RPMI 1640 plus 10% FCS containing 1
�g of heat-killed Lactobacillus bacteria/ml of six different strains. The
TNF-� concentration in the culture supernatants was measured by
ELISA after 12 h of incubation. The assays were done in triplicate, and
the averages and the the standard deviation (SD) values are shown.
The same experiment was repeated three times, yielding similar re-
sults, and a typical result is shown.

FIG. 2. Proinflammatory activities of Lactobacillus subcellular frac-
tions. Various subcellular fractions of L. casei were prepared as de-
scribed in Materials and Methods. (A) RAW264.7 cells (5 � 105/ml)
were stimulated with subcellular fractions isolated from L. casei. Each
bacterial fraction was added to the culture medium at 1 �g/ml, and the
TNF-� concentration in the culture supernatants was measured by
ELISA after 12 h of incubation. (B) RAW264.7 cells were plated at 7.5
� 105 cells/plate and on the next day were transiently transfected with
1 �g each of a reporter plasmid containing tandem NF-�B consensus
binding sites (pGL3-NF-kB-luc) and pRL-SV40 (as an internal con-
trol). At 48 h after the transfection, Lactobacillus subcellular fractions
were added at 1 �g/ml, and the cell lysates were collected after 8 h of
incubation to measure the relative luciferase activities. The experiment
was repeated three times with similar results. A typical result is shown.
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of TLR2�/� mice. In TLR2�/� mice, lipoprotein also failed to
induce TNF-� secretion, whereas lipid A induced a significant
amount of TNF-�.

Furthermore, we explored the effects of Lactobacillus LTAs
on splenic mononuclear cells from C3H/HeN and its variant,
C3H/HeJ, which has a nonfunctional mutation in the TLR4
gene and is hyporesponsive to LPS. As shown in Fig. 3C,
splenocytes from C3H/HeJ mice responded to Lactobacillus
LTAs as well as splenocytes from C3H/HeN mice. As controls,
synthetic lipoprotein, which signals through TLR2, induced
significant TNF-� secretion from C3H/HeJ splenocytes,
whereas lipid A failed to do so. Taken together, these results
suggest that LTAs from the two Lactobacillus strains need
TLR2, but not TLR4, for their TNF-�-inducing activities.

TLR2 mediates NF-�B activation by Lactobacillus LTA.
Mouse TLR2 mediates the activation of a transcription factor,
NF-�B, and a mitogen-activated protein kinase, JNK, in re-
sponse to its ligands. To directly show the involvement of
TLR2 in Lactobacillus LTA signals, expression plasmids for
mouse TLR2 or TLR4 and CD14 were transfected into
HEK293T cells, which do not express detectable amounts of
endogenous TLR2, TLR4, TLR6, or CD14, along with a lucif-
erase reporter plasmid for NF-�B. At 48 h after transfection,
protein expression of CD14, TLR2, and TLR4 were confirmed
by Western blotting (data not shown). HEK293T cells trans-
fected with CD14 alone did not increase NF-�B activity in
response to Lactobacillus LTAs (Fig. 4A). When TLR2 was
cotransfected, however, NF-�B activity significantly increased
with the LTA treatments. In contrast, the expression of TLR4
did not endow responsiveness to Lactobacillus LTAs. These
results confirmed the results with the gene-disrupted mice,
strongly indicating that TLR2, but not TLR4, is essential for
the responsiveness to Lactobacillus LTAs.

In a recent study, Ozinsky et al. reported that TLR6 plays an
essential role by forming heterodimers with TLR2 in recogniz-
ing gram-positive bacteria (27). To explore the possible role of
TLR6 in responding to lactobacilli, TLR6 was cotransfected
with TLR2 into HEK293T cells, and then the cells were treated
with the heat-killed L. fermentum. As shown in Fig. 4B, the
expression of TLR6 did not further increase the NF-�B acti-
vation by L. fermentum, indicating that TLR6 is not necessary
for the recognition of lactobacilli.

Furthermore, we measured the JNK activation in
RAW264.7 cells in response to L. fermentum LTA. RAW264.7
cell lysate was prepared at 30 min after the LTA stimulation,
and the JNK1 immunoprecipitate was measured for its kinase
activity by using GST–c-Jun as the substrate. As shown in Fig.
4C, L. fermentum LTA significantly increased JNK1 activity in
RAW264.7 cells. LPS from E. coli was also used as a control.

TLR2, but not TLR4, is essential for the responses to Lac-
tobacillus strains. To explore the possibilities that bacterial
components other than LTA may induce immune responses
through TLRs other than TLR2, we examined the heat-killed
Lactobacillus strains for their effects on TLR2 gene-disrupted
cells. As shown in Fig. 5A, heat-killed extracts of L. fermentum
and L. casei induced significant amounts of TNF-� secretion
from splenic mononuclear cells of the control TLR2�/� mice in
dose-dependent manners. In contrast, neither extracts induced
meaningful amounts of TNF-� from splenic cells of TLR2�/�

mice.

FIG. 3. TLR2 is essential for TNF-� secretion induced by Lacto-
bacillus LTA. (A) RAW264.7 cells (5 � 105 cells/ml) were stimulated
with increasing amounts of LTA purified from L. fermentum (LTA-F)
or L. casei (LTA-C). The culture supernatants were collected after
12 h, and the TNF-� concentration was measured by ELISA. The same
experiment was repeated three times producing similar results, and a
typical result is shown. (B) Splenic mononuclear cells were isolated
from TLR2 gene-disrupted mice along with the control (TLR2�/�).
The cells (2 � 106 cells/ml) were stimulated with the indicated amounts
of purified LTAs from L. fermentum and L. casei, synthetic lipoprotein,
or synthetic lipid A. After 12 h of incubation, the TNF-� concentration
in the supernatants was measured by ELISA. The experiment was
repeated three times, yielding similar results, and a typical result is
shown. (C) Splenic mononuclear cells from C3H/HeN and its variant,
C3H/HeJ. The cells were treated as in panel B. The TNF-� concen-
tration in the supernatants was measured in triplicate, and the averages
and the SD values are shown. The experiment was repeated three
times, yielding similar results, and a typical result is shown.
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Significantly, splenocytes from C3H/HeJ mice responded to
heat-killed Lactobacillus as well as splenocytes from C3H/HeN
mice (Fig. 5B). These results suggest that TLR2, but not
TLR4, is essential for the TNF-� production in response to
lactobacilli.

DISCUSSION

Although the importance of microflora in the mucosal im-
munity has been well documented, molecular mechanisms of
the proinflammatory activities of nonpathogenic bacteria are
not clearly known. In the present study, we examined the
proinflammatory activities of Lactobacillus components on
macrophages. When fractionated Lactobacillus extracts were
used, the protoplast fraction most potently induced NF-�B
activation and TNF-� production in a macrophage cell line,
RAW264.7. Both heat-killed bacteria and highly purified LTA,
a protoplast component in Lactobacillus, from two different
strains, L. fermentum and L. casei, mediated NF-�B activation
and TNF-� secretion in a TLR2-dependent manner. Further-
more, treatment with Lactobacillus LTA significantly increased
the JNK1 activity in RAW264.7 cells. Since both NF-�B and
JNK are important mediators of various functions of macro-
phages, including the production of TNF-�, IL-1�, IL-6, and
inducible NO synthase, our results are consistent with the idea
that LTA-TLR2 interaction plays an important role in the
proinflammatory activities of Lactobacillus spp.

When heat-killed bacteria were used, all six Lactobacillus
strains induced significant amounts of TNF-� secretion from
mouse mononuclear cells (Fig. 1). However, there was a clear
difference among strains. The most active L. ramnosus induced
approximately four times more TNF-� than the least active L.
casei. This result was consistent with the previous reports that
proinflammatory activity was considerably different among
Lactobacillus strains (18, 19, 39). Maassen et al. (18) compared
several strains of Lactobacillus for their abilities to induce

cytokines in gut villi when the strains were orally administered
into mice immunized with Chikungunya virus. These research-
ers found that L. reuteri most potently induced both IL-1� and
TNF-� (ca. fourfold greater compared to L. casei) (18). In
contrast to the present study, Tejada-Simon et al. (39) found
that L. casei induced approximately three times more TNF-�
from RAW264.7 cells than did L. reuteri. The reason for the
differences among these reports is unclear. These differences
could be due to minor strain differences. It is also possible that
various doses of bacteria might lead to different results. For
example, Tejada-Simon et al. (39) used as much as 50 �g of
heat-killed bacteria/ml, whereas we used heat-killed bacteria at
1 �g/ml.

Our experiment with NF-�B reporter plasmid indicated that
the activity to induce NF-�B binding is strongest in the proto-
plast fraction (Fig. 2B). This finding is consistent with the
TNF-� production data (Fig. 2A), since NF-�B binding is
important for the induction of TNF-� promoter activity (17). A
good candidate for this activity in the protoplast fraction is
LTA. LTA is a class of surface glycolipid similar to LPS. Many
of the clinical features observed during pathogenic gram-pos-
itive bacteria have been related to LTA (4). LTAs from patho-
genic gram-positive bacteria have been shown to activate mac-
rophages, including the secretion of cytokines such as TNF-�,
IL-6, and IL-8 (4, 22, 35). Although the immunostimulatory
effects of LTA from nonpathological gram-positive bacteria
have not been studied in depth, LTAs from L. casei and L.
fermentum are effective for protection against Pseudomonas
aeruginosa (34).

In the current study, we demonstrated that purified LTAs
from two Lactobacillus strains effectively induced TNF-� se-
cretion from RAW264.7 cells in a dose-dependent fashion
(Fig. 3A). Since we used an established macrophage cell line in
the assay, this finding showed the direct interaction of LTAs
with macrophages. Recently, it has been shown that a newly

FIG. 4. Signal transduction induced by Lactobacillus spp. (A) HEK293T cells were transiently transfected with 0.5 �g of each of pcDNA3.1(�)-
mCD14, pGL3-NF-kB-luc, and pRL-SV40 (as an internal control), plus 0.5 �g of one of the following: pcDNA3.1(�) (EV), pEFBOS-mTLR2/Flag
(TLR2), or p3XFlag-mTLR4 (TLR4). At 48 h after the transfection, the cells were untreated, treated with LTA (1 �g/ml) of L. fermentum (F) or
L. casei (C) or with synthetic lipid A (1 �g/ml) (A) for 8 h, and then lysed to measure the luciferase activities. The experiment was repeated three
times, yielding similar results, and a typical result is shown. (B) HEK293T cells were transiently transfected with 0.5 �g each of pcDNA3.1(�)-
mCD14, pGL3-NF-kB-luc, and pRL-SV40, plus 1 �g of one of the following: pcDNA3.1(�) (EV), pEFBOS-mTLR2/Flag (TLR2) plus pcDNA3/
1(�) (0.5 �g each), or the combination of pEFBOAS-mTLR2/Flag and pEFBOS-mTLR6/Flag (0.5 �g/each) (TLR2 � TLR6). At 48 h after the
transfection, the cells were either not treated or treated with heat-killed L. fermentum (1 �g/ml) for 8 h and then lysed for the measurement of
the luciferase activities. The experiment was repeated three times, yielding similar results, and a typical result is shown. (C) Lactobacillus LTA
induces JNK activation in RAW264.7 cells. RAW264.7 cells were either not treated or treated with 1 �g of either LPS or purified LTA from L.
fermentum/ml for 30 min. Cells were lysed, and the JNK1 kinase activity was measured by using GST–c-Jun as the substrate.
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identified family of proteins, TLRs, play an essential role in
innate immunity as pattern recognition receptors for various
bacterial components. Of 11 TLR members reported thus far
two, TLR2 and TLR4, have been the most extensively studied.
Studies with TLR4-mutated mouse strains and TLR4 gene-
disrupted mice have identified TLR4 to be an essential recep-
tor for LPS, whereas bacterial lipoproteins signal through
TLR2 (28, 30, 38). We previously reported that RAW264.7
cells express both TLR2 and TLR4 (20).

The identification of the responsible TLR in the recognition
of bacterial LTA is controversial. LTA from the gram-positive
bacteria Bacillus subtilis, Streptococcus pyogenes, and Strepto-
coccus sanguis induces NF-�B activation in HEK293 cells over-
expressing TLR2 but not in cells overexpressing TLR4 (32).
On the other hand, TLR4 gene-disrupted mice, but not TLR2
gene-disrupted mice, are reported to lack responses to LTA
from Staphylococcus aureus or Streptococcus sanguis (38). It is
possible that LTA is recognized by different TLRs depending
on minor structural differences among bacterial species. It is
noteworthy that LPSs from different bacterial species seem to
be recognized by either TLR4 or TLR2 (13, 40). To assess the
role of TLRs in mediating signals from Lactobacillus LTA, we
isolated the splenic mononuclear cells from TLR2 gene-dis-
rupted mice, along with the control (TLR2�/�) mice, and stim-
ulated the cells with LTAs from L. fermentum and L. casei.
Significantly, neither LTA induced meaningful amounts of
TNF-� from splenic cells of TLR2�/� mice, whereas they ef-
fectively induced the cytokine from TLR2�/� spleen cells (Fig.
3B). On the other hand, Lactobacillus LTAs were almost
equally effective on splenic mononuclear cells from C3H/HeN
and its variant, C3H/HeJ, which has nonfunctional TLR4 for
TNF-� induction (Fig. 3C). These results clearly indicate that

LTAs from at least two Lactobacillus strains signal through
TLR2 but not through TLR4.

It is noteworthy that the cell wall fraction of L. casei had less
proinflammatory activity than the protoplast fraction (Fig. 2).
Compared to the proloplast fraction, the cell wall fraction
induced much less TNF-� secretion and NF-�B activity. This
result was somewhat surprising since the bacterial cell wall
fraction, which contains peptidoglycan as the main component,
has strong proinflammatory activities for some gram-positive
bacteria, such as Bacillus subtilis, Streptococcus pyogenes, and
Streptococcus sanguis, through TLR2 (32). There have been
controversial results on the proinflammatory fractions of Lac-
tobacillus. For example, de Ambrosini et al. (8) examined pep-
tidoglycan purified from four Lactobacillus strains and found
that only one could activate phagocytosis by mouse peritoneal
macrophages. It may be beneficial to the host that cell wall
components of intestinal microflora do not induce strong
proinflammatory responses.

It has recently been reported that TLR6 is essential for the
recognition of various gram-positive bacteria strains by form-
ing heterodimers with TLR2 (27). In our cotransfection exper-
iment, however, TLR6 did not further increase the TLR2-
mediated NF-�B activation by L. fermentum. In the study by
Ozinsky et al. it was demonstrated that TLR6 is essential for
the recognition of peptidoglycan, but these authors did not
examine the role of TLR6 in the recognition of LTA. We
presume that, since the strongest TNF-�-inducing activity of
the Lactobacillus strains resides in LTA but not peptidoglycan,
TLR6 may not be essential for the responses to these bacterial
strains.

It was previously reported that the cytokine-inducing activity
of the LTA fractions from Enterococcus hirae did not reside in

FIG. 5. TLR2 is essential for TNF-� secretion induced by Lactobacillus spp. (A) Splenic mononuclear cells were isolated from TLR2
gene-disrupted mice, along with the control (TLR2�/�). The cells (2 � 106 cells/ml) were stimulated with the indicated amounts of heat-killed L.
fermentum and L. casei, synthetic lipoprotein, or synthetic lipid A. After 12 h of incubation, the TNF-� concentration in the supernatants was
measured by ELISA. Measurements were done in triplicate, and the averages and the SD values are shown. The experiment was repeated three
times, yielding similar results, and a typical result is shown. (B) Splenic mononuclear cells from C3H/HeN and its variant, C3H/HeJ. The cells were
treated as in panel A. The TNF-� concentration in the supernatants was measured in triplicate, and the averages and the SD values are shown.
The experiment was repeated three times producing similar results, and a typical result is shown.
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the major structure of LTA but in the contaminating glycolip-
ids (11, 36). In a recent study of LTA from Staphylococcus
aureus, however, it was demonstrated that some alanine sub-
stituents are lost during standard purification, resulting in the
attenuated cytokine-inducing activity of LTA, indicating that
LTA itself is a potent cytokine inducer (24). We could not
detect any contaminating glycolipids or proteins in the purified
LTAs from Lactobacillus strains by standard detection meth-
ods, although we could not totally exclude the possibility that
small amounts of contaminating substances contributed to the
proinflammatory activities. Interestingly, in a preliminary
study, alanine ester but no glucose unit was linked to LTA of
L. casei (unpublished result). Thus, the structure seems some-
what different from Entelococcus LTA, to which glucose units
are also linked (11).

It has not been long since the importance of probiotics was
widely accepted. There is increasing information about the role
of probiotic bacteria (most typically, Lactobacillus spp.) to
modulate proinflammatory responses of the host. For the clin-
ical usage of Lactbacillus (or its components), it is absolutely
necessary to better understand the molecular mechanisms of
the proinflammatory responses. Our current findings may in-
dicate that purified LTA may be a better candidate for the
clinical usage than the whole bacteria, since it does not contain
other bacterial components that may cause various side effects.
Our findings also indicate that Lactobacillus LTA signals
through TLR2 differently from more pathogenic gram-positive
bacteria, which may utilize TLR4. Interestingly, recent reports
showed that the different downstream signals between TLR2
and TLR4 mediate different downstream signals, indicating
that these TLRs probably induce distinct sets of immune re-
sponses (1). For example, as for LPS, it has been reported that
TLR4-dependent E. coli LPS induces a Th1-type response,
whereas Porphyromonas gingivalis LPS, which signals through
TLR2, induces a Th2-type response (29). This is at least partly
due to a recently identified molecule called Mal or TIRAP,
which is, in addition to MyD88, also involved in TLR4 signals
(10, 14), whereas TLR2 seems to be dependent on MyD88 for
its signals (37). Thus, Lactobacillus spp. may be unique among
gram-positive bacteria since Lactobacillus LTA may induce
distinct proinflammatory activities in the host.
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